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ABSTRACT 
 Synthesis-dependent strand annealing (SDSA) is a DNA repair pathway responsible for 
the generation of a significant fraction of non-crossover outcomes during homologous 
recombination. Based on previous studies, Blm, the Bloom’s syndrome helicase gene, is thought 
to be a critical promoter of SDSA in Drosophila. The purpose of my research is to evaluate a 
candidate gene called rtel, the Drosophila ortholog of human RTEL1, which is hypothesized to 
play a significant role in SDSA repair based on research in other model organisms, although less 
significant than that of Blm. My study utilizes a novel genetic construct to measure levels of 
SDSA repair occurring in mitotic cells in the brains of Blm and rtel mutant larvae through 
changes in cellular fluorescence. Successful SDSA repair of double-strand breaks in the 
construct results in a visible change in cell color from red to green. I found an extremely 
significant (P<0.0001) decrease in SDSA repair frequency when comparing wild type larval 
brains to Blm or rtel mutant larval brains, as well as a very significant (P=0.0031) increase in 
SDSA repair frequency when comparing rtel mutants to Blm mutants. These preliminary results 
support the initial hypothesis that both Blm and rtel promote SDSA, and that Blm has a more 
critical role within the pathway than rtel. The assay has proven to be a useful in-vivo method of 
studying SDSA in Drosophila; future directions will include use of flow cytometry for more 
precise quantification and exploration of other candidate genes identified by previous studies. 
 
INTRODUCTION 
 
 The preservation of DNA against both external and internal damage is a critical task 
required of all organisms. In the case of double-stranded breaks, a potentially lethal type of DNA 
damage, the cell can utilize several different pathways to repair the break; in particular, if the cell 
Rota 3 
 
has already progressed through S phase it can utilize a repair process called homologous 
recombination (HR). Homologous recombination uses an undamaged copy of DNA, either on a 
homologous chromosome or sister chromatid, as a template for synthesis of a replacement 
sequence in the region containing the break. This process can occur in one of two major 
pathways: canonical double-strand break repair (DSBR) or synthesis–dependent strand annealing 
(SDSA). The two major types of DNA products resulting from homologous recombination are 
either crossovers (CO), which exchange DNA beyond the region of the break site, or non-
crossovers (NCO), which exchange DNA only at the region of the break site. The promotion of 
one product over the other is highly dependent on the type of cell as well as cell cycle timing; in 
mitotically dividing cells, NCO products are generally promoted over CO products in order to 
preserve the current DNA rather than create variation. 
 Crossing over between homologous chromosomes is a highly conserved phenomenon 
among most forms of life, at first only thought to occur in meiotically dividing cells where they 
are essential for correct chromosomal segregation. They were later identified to also occur in 
mitotically dividing cells in D. melanogaster in 1936 by Curt Stern. The process of crossing over 
results in the exchange of additional distal DNA between the chromosomes, which can 
contribute to loss of heterozygosity (LOH) in those distal regions. In most cases, LOH does not 
lead to problems at the cellular level and is always preferable to letting DSB’s accumulate. 
However, when functional alleles for essential genes, such as tumor suppressors, are replaced by 
null or hypomorphic alleles the ramifications can be more severe. In particular, the accumulation 
of such mutations over time in different genes can contribute to the onset of cell cancer. The use 
of other pathways to promote NCO product formation, therefore, holds great importance by 
preventing such losses of genetic information and preserving genomic integrity.  
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Figure 1. 
Simplified diagram of the process of HR and 
its outcomes, taken from Figure 2 of Sung and 
Klein 2006. 
 
 In Drosophila, the pathway most often used to achieve non-crossover outcomes in 
mitotically dividing cells appears to be SDSA. 
According to several experiments on mitotic DNA 
gap repair, patterns of sequence deletion and 
conservation during repair were best explained by 
SDSA and present in large enough numbers to 
suggest it holds primary role in creating NCO 
products from mitotic double-stranded breaks 
(Kurkulos et al 1994; Adams et al 2003). Generally, 
the SDSA pathway of homologous recombination 
occurs in several steps which result in the restoration 
of the majority of the original DNA (Figure 1). After 
the two 5’ strands on either side of the damaged 
DNA are processed to create 3’ overhanging sections, 
one of these overhangs invades the nearby homologous 
DNA to displace the 5’ strand and form a D-loop structure. Synthesis of new complementary 
DNA is then begun on the single-stranded DNA within the structure (Szostak et al. 1983). It is 
theorized that the D-loop structure is disrupted by DNA repair proteins, though the exact 
identities of these proteins are still under research. Following disruption, the individual DNA 
complexes re-anneal their strands and synthesis is begun to replace the missing section of DNA 
in the original complex, thus preserving the DNA at both homologous sites as indicated by the 
restoration and both red and blue DNA in Figure 1. 
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Figure 2. 
A depiction of the role of the 
RTEL protein in SDSA as 
hypothesized by current evidence. 
The red and blue strands represent 
DNA double helices; the blue in 
this case is being repaired by HR 
using the red as a template. 
Adapted from Evert-Jan et al 
2008. 
 
 As previously mentioned, the precise array of proteins which are involved in SDSA is 
unknown. One candidate in Drosophila is the RTEL protein, which was first identified in mice 
as Rtel1 and named for its function as the primary regulator of 
telomere length (Ding et al 2004). The protein itself is a helicase 
which is related to RAD3, a regulator of nucleotide excision repair 
and transcription in yeast, and located within the subclass of helicases 
containing an iron sulfide (FeS) domain; defects in other members of 
this subclass cause genetic disorders such as xeroderma pigmentosum 
and Fanconi anemia in humans (White 2009). Mutations in RTEL1 
specifically were implicated in humans as being linked to the 
incidence of glioma and gastrointestinal tract cancers by several 
studies (Shete et al 2009, Wrensch et al 2009, Bai et al 2000). Based on such work, it has been 
proposed that human RTEL1 would be a good candidate for gene therapy, with the goal of 
increasing chemotherapy effectiveness in cancer patients carrying RTEL1 null mutations 
(Aggarwal and Brosh 2009). In regards to its actual function, RTEL has been found to be 
involved in the regulation of HR in several eukaryotic species, including Caenorhabditis elegans 
and humans. Its function in these organisms seems to be disrupting the D-loop structures which 
form in the early stages of repair, and has been shown to occur in vitro using synthetic D-loop 
DNA fragments (Barber et al 2008).  
 The overarching goal of this project is to assess the involvement of the candidate gene 
rtel in the repair pathway of SDSA in mitotic cells in D. melanogaster. The majority of current 
evidence which would point to RTEL as being involved in SDSA relies on biochemical assays of 
protein function. A genetic assay specifically measuring SDSA repair frequency will be 
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conducted to resolve the question from an in vivo standpoint and involve examination of rtel null 
mutants. My hypothesis regarding the role of rtel is that Barber et al’s conclusion that RTEL 
directly promotes SDSA does not hold in the case of Drosophila. Since a direct SDSA-
promoting gene already exists in the form of Blm, it seems unlikely based on previous studies 
that rtel would exist as a functionally redundant gene. Instead, it might be assisting in some other 
role such as protecting replication forks which encounter DNA damage (Adams et al 2003). In 
terms of the assay, I will expect to find that SDSA repair frequency is significantly reduced from 
wild type levels in rtel as well as Blm mutants, but that Blm is significantly lower than rtel. 
 
 
METHODS 
Fly Stocks and P{SDSA2} Construct Design and Insertion 
 The P{SDSA2} construct was designed by  Jeff Sekelsky and Kenny Kuo of the 
Sekelsky Lab. Insertion of the P{SDSA2} construct into fruit flies was carried out by a third 
party service.  Flies with the desired genotypes for dissection and analysis were created through 
standard cross procedures from the following stocks: yw P{SDSA2}/FM7a Tb (S1), w; Sb P{Δ2-
3}/TM6B Tb (S2), yw P{SDSA2}; Blm
N1
/TM6B Tb (S3), w; Sb Blm
D2
 P{Δ2-3}/TM6B Tb (S4), yw 
rtel
R24
 P{SDSA2}/FM7a Tb (S5).  
 
D. melanogaster Larval Dissection and Imaging   
 Due to the inviability of adult flies with a homozygous (or hemizygous in the case of 
males) mutation in rtel, and the need to view events during highly proliferative stages of 
development, the results of both assays were analyzed through larval imaginal wing discs and 
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brains. These were taken from male wild type flies (S1 x S2), homozygous Blm mutant flies (S3 
x S4), and hemizygous rtel mutant flies (S5 x S2). Non-Tb, 3
rd
 instar fly larvae with brown 
mouth hooks were selected from the offspring and dissected in a standard manner, leaving wing 
discs and brains attached to the inverted mouth hook and cuticle tissue (Daul 2010). Dissections 
were done under a light microscope in Ringer’s solution. Larval tissues were fixed for viewing 
and, in the case of the brains, antibody staining. Larval tissues from which wing discs were to be 
extracted were allowed to fix for approximately 20 minutes in a solution of 5% 
paraformaldehyde, while those from which brains were to be extracted were fixed using a Cold 
Spring Harbor immunofluorescence protocol fixing solution (Daul et al 2010). Wing discs were 
immediately removed and mounted upon completion of fixation, while brains were left attached 
to tissues and immediately transitioned into washing as per the protocol (Daul et al 2010).  
 Imaginal wing discs and brains were mounted on slides for analysis with Fluoromount-G 
mounting medium. Imaginal wing discs were mounted using a single coverslip and sealed on 
edges with clear nail polish. Larval brains were mounted using either three cover slips as a 
bridge or a single cover slip with vacuum grease applied to its corners as support. Both structures 
were also sealed with nail polish. Visualization of fluorescence in the imaginal wing disc and 
brain samples was performed using a Carl Zeiss 710 confocal microscope. In cases where 3-D 
confocal imaging was used for brains, z-stacks of 1.43 µm were taken, while normal 2-D 
imaging was used in all other cases. Standard magnification for images was set at 40x with oil as 
a viewing medium. Analysis of tissues and quantification of SDSA repair was performed using 
ImageJ software.  
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Immunofluorescent Staining of Larval Brains 
 Larval brains were stained overnight using a 1:1000 dilution of Abcam rabbit anti-GFP 
and 1:250 Santa Cruz Biotechnology goat anti-DsRed primary antibodies diluted in PBSBTX 
according to the standard Cold Spring Harbor  protocol (Daul et al 2010). All solutions used 
during the process were prepared according to Daul et al’s recipes. Secondary antibody staining 
was performed for 1.5 hours, also according to the protocol, using a 1:1500 dilution of 
Alexafluor 488 goat anti-rabbit in PBSBTX for the Abcam antibody and a 1:750 dilution of 
Alexafluor 568 donkey anti-goat in PBSBTX for the Santa Cruz Biotechnology antibody (Daul 
et al 2010). Counterstaining of DNA in brain cells was performed by adding a 1:5000 dilution of 
1mg/mL DAPI to the last wash or the mounting medium. 
 
 
RESULTS  
 The involvement of rtel in SDSA in Drosophila was tested through the use of a genetic 
construct inserted on the X chromosome (Figure 3). The P{SDSA2} construct contains three 
main elements: a sequence coding for DsRed, a red fluorescent protein; a sequence coding for 
GFP, a green fluorescent protein; and a w+ sequence, which codes for a wild type eye color 
which can be followed during crosses.  
When exposed to a P element transposase, an enzyme which cuts at specific genomic 
sites (marked by black arrows in Figure 3A) and excises the DNA in between, the entire 
construct will be excised to create a gap in the DNA. The transposase used for this assay is active 
throughout development and is introduced to the larvae through genetic inheritance from a 
parent. Repair proteins will recognize this gap as two separate double strand breaks, one on each 
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Figure 3. The SDSA Assay  
A) Detailed structure of the P{SDSA2} construct with genetic 
measurements. A significant region of homology exists 
between the GFP gene pieces, which is critical for initiation 
of SDSA from the two separate homologous recombination 
events.  
B) Depiction of simultaneous homologous recombination at 
two break sites with a gap in between. Each end will utilize 
different sections of the homologous template (blue), until 
enough homology between the strands has been created 
(dotted blue lines) to initiate SDSA. Formation of a whole 
GFP gene results from this process. Modified from Sung and 
Klein 2006. 
side of the excision, and begin homologous recombination using either the sister chromatid or 
homologous chromosome. Since only the sister chromatid will have the desired second copy of 
the construct as a repair template, male flies will be used for this assay to ensure selection of the 
sister chromatid. Synthesis will proceed in tandem from either end of the gap, creating new 
ssDNA from the intact construct. Once synthesis of the homologous region between the two 
halves of the GFP sequence is completed, SDSA-related protein action will result in D-loop 
disruption and allow for the two single stranded DNA pieces to anneal to one another and form 
dsDNA at the homologous region. This annealing, coupled with synthesis of missing sequences 
in the remaining single stranded regions of the now-repaired DNA, will result in creation of a 
complete and functional GFP gene with loss of the original DsRed gene. These series of events, 
depicted in Figure 3B, will thereby lead to a change in fluorescence from green to red at the 
cellular level. The cells that undergo successful SDSA repair will divide and form larger clones 
in the tissue, which can be quantified and compared between different genotypes. 
 
 
 
 
 
 
 
 
 
 
 
A 
B A 
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Based on this repair mechanism, it was hypothesized that rtel mutants would have 
significantly decreased numbers of GFP clones in comparison to the wild type control and 
significantly elevated numbers of GFP clones in comparison to the Blm positive control, forming 
a middle ground between the two. In regards to DsRed, clone numbers should be relatively 
constant between genotypes since the mutated genes are not known to have any effect on 
transposase excision activity. For similar reasons, the number of cell clones which contain no 
fluorescence should be approximately the same as well. 
Development and implementation of the assay was successful in both larval wing disc 
and brain tissues for use in studying rtel. Wing disc tissues did not require the use of antibodies, 
due to their relatively low autofluorescence, and had the best visualization of GFP clones of the 
two tissues (Figure 4). Brain tissues, on the other hand, were discovered to have high levels of 
autofluorescence and GFP clone visualization was impossible under the wing disc protocol. 
Implementation of an immunofluorescence staining protocol rectified this issue. Optimization of 
the protocol, including addition of DAPI nuclear counterstaining, produced increased distinction 
between the non-fluorescent cells and red fluorescent cells and 
easier elimination of false positive GFP clones (Figure 5). 
Nonspecific green fluorescence on the exterior of the brain 
tissue remained even after protocol optimization, but was 
universal among all genotypes observed and therefore 
considered insignificant for analysis.  
Due a lack of wing disc formation in rtel mutants, 
which was discovered after initial assay development in wing 
discs, larval brain analysis was used for the bulk of the project. 
 
Figure 4. Successful visualization of 
multiple GFP clones in 3
rd
 instar larval 
wing disc tissue. Four visible clones are 
circled in white. Wild type genetic 
background; no antibody staining. 
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Figure 5. Visualization of SDSA repair frequency in wild type without transposase (wt-), wild 
type with transposase (wt), Blm mutant with transposase (Blm), and rtel mutant with transposase 
(rtel) larval brains. DAPI counterstaining added to visualize nuclei. Sub panels of wt brain image 
show a single SDSA repair event, with loss of DsRed (left) and gain of GFP (center) in DAPI 
positive cells (right). An event was defined as a contiguous cluster of two or more GFP-positive 
cells. Size of events was highly variable, likely due to differential timing in development.  
 
Investigation into the role of rtel was performed through analysis of GFP clone frequency in wild 
type brains, Blm mutant brains, and rtel mutant brains. The number of clones was determined 
visually with the aid of 3D projection software. Wild type brains were found to have an average 
of 15.82 GFP clones per brain with a standard error of 1.451 clones per brain (n=11), while Blm 
mutant brains were found to have an average of 0.70 GFP clones per brain (standard error of 
0.21 clones per brain, n=10) and rtel mutant brains were found to have an average of 3.33 GFP 
clones per brain (standard error of 0.33 clones per brain, n=3). 
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Figure 6. Summary of SDSA assay 
findings. SDSA repair frequency in wt 
larval brains is significantly greater than in 
Blm or rtel mutant brains (P<0.0001). 
SDSA repair frequency is also 
significantly greater in rtel mutant brains 
than in Blm mutant brains (P=0.0031). 
Significance analysis was done using 
unpaired t-tests with Welch corrections. 
(Mean ± SEM: wt = 15.82 ± 1.451, Blm = 
0.7 ± 0.2134, rtel = 3.33 ± 0.33)  
 
  
 
ANALYSIS AND CONLUSIONS 
 In regards to general usage of the SDSA assay to visualize the frequency of SDSA repair, 
results from experiments performed in both larval wing discs and brains supported the assay’s 
viability. As predicted, three populations of cells were able to be seen: red fluorescent cells, 
green fluorescent cells, and non-fluorescent (DAPI only) cells. Comparison of the green, red, and 
non-fluorescent cell populations was unambiguous, with no cells which could not be explained 
by the initial predictions. The presence of some nonspecific staining of the brain tissue, while not 
an issue for the purposes of analysis, made it slightly suboptimal for use in comparison to wing 
disc tissue.. The development of the assay in both tissues, however, grants flexibility in gene 
selection and shows the robustness of the assay from a procedural standpoint. Quantification of 
SDSA repair within the larval brains was relatively straightforward, the most difficult ones being 
wild type due to the relatively large numbers of events per brain. Diversity in clone size and 
shape, as well as the naturally complex organization of the brain tissue, made distinguishing 
between individual events challenging on some occasions. Additionally, for larger (20 or more 
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cell) clones it was impossible to tell whether they were actually one single clone or multiple, 
smaller clones which became contiguous during development. In that sense, it is likely that the 
number of clones overall, especially in wild type brains where such large clones were most often 
seen, was underestimated by this analysis.  
 A point of subjectivity with this analysis occurred in deciding what constitutes a true 
SDSA repair event; for the data presented, only clones with at least 2 cells were considered to be 
true SDSA repair events. However, a significant number of apparently green single cells were 
noted in the brains of all three genotypes and could also be classified as events in which simply 
no cell division occurred. The possibility of these cells as artifacts discouraged counting them for 
this initial study, but with consideration they could be counted for future analyses. Including 
such single cell events would increase the overall number of events for all three genotypes, but 
would not likely change the results since they were distributed approximately the same as larger 
events, with most occurring in wild type, fewer in rtel, and fewest in Blm.    
 Although sample sizes for the data so far are small, current data tentatively offers the 
conclusion that rtel has an important role in completing SDSA repair but is not as crucial as Blm, 
which is in line with the original hypothesis of the project. The frequency of SDSA repair in rtel 
mutant larval brains was found to be significantly greater than Blm mutant larval brains, while 
the frequency of repair events in both mutants was very significantly lower than wild type brains. 
Due to the relatively smaller overall size of rtel brains, it is likely that the frequency of SDSA 
repair was underestimated relative to wild type and Blm mutants in this study, which would make 
the difference between Blm and rtel mutants even more significant. As for what function rtel 
might have in SDSA, double mutant studies would be helpful in determining if its function is in 
tandem with Blm or not. It could be that rtel in fact possesses a disruptase function similar to 
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Blm and helps support its anti-crossover activity in Drosophila, which would be supported by 
the in vitro evidence of Barber et al and Youds et al. It could also have some yet uncharacterized 
role in SDSA which is independent of Blm, such as the protection of replication forks proposed 
by Adams et al, which was favored in the original hypothesis. Future research will focus on 
accumulating more data to support this conclusion and investigating rtel’s role in relation to Blm.  
 The SDSA assay, as developed and applied in this investigation, represents a simple and 
powerful method by which candidate genes involved in SDSA can be assessed in vivo. Other 
genes which might be studied in the future using this assay include top-3α, a topoisomerase 
which is speculated to be involved in SDSA through management of supercoiling in DNA 
beyond the break site (Anderson 2010). The assay could possibly be applied to the study of 
genes involved in the DSBR pathway of mitotic recombination as well, through observation of 
increases in SDSA repair after knockout. Such an application would involve the assumption that 
the DNA normally channeled down crossover pathways will be repaired by SDSA over other 
possible options for repair, such as non-homologous end joining, which in itself may be a 
question worthy of study. In terms of methodology, the application of flow cytometry to larval 
brains as an alternative means of quantification would be worth exploring. Flow cytometry 
would allow for very precise measurements of the number of green fluorescent and red 
fluorescent, as well as non-fluorescent, cells in a given brain. However, a larger sample size of 
brains would have to be examined in order to sufficiently account for variation in clone size, 
which would potentially skew results by underestimating the significance of small (5-10 cell) 
clones.  
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